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Available online 14 June 2016Polyamines (PAs) are important endogenous plant growth regulators responding to
environmental stress and mediating many physiological processes including grain filling
in cereals. This study investigated whether PAs mediate the effect of post-anthesis soil
drying on starch granule size distribution, starch content, and weight of superior and
inferior kernels of wheat (Triticum aestivum L.). Two wheat cultivars were grown in pots.
Three treatments, well-watered (WW), moderate soil drying (MD) and severe soil drying
(SD), were imposed from 9 days post-anthesis until maturity. PA levels in kernels and
small, medium and large granules were measured. The results showed that superior
kernels had much higher free spermidine (Spd) and free spermine (Spm) concentrations,
larger volumes of medium starch granules, and smaller-sized large granules than did
inferior kernels under all the treatments. Compared to WW, MD significantly increased the
concentrations of free Spd and free Spm, activities of soluble starch synthase and
granule-bound starch synthase, volume of medium granules, and starch content and
kernel weight of inferior kernels, and decreased the size of large granules. SD produced the
opposite effect. Application of Spd or Spm to spikes produced effects similar to those of MD,
and application of an inhibitor of Spd and Spm synthesis produced effects similar to those
of SD. These results suggest that PAs mediate the effect of post-anthesis soil drying on
starch biosynthesis in wheat kernels by regulating key enzymes in starch synthesis and
that elevated PA levels under MD increase the volume of medium granules and kernel
weight of inferior kernels.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and
hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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Triticum aestivum L. (wheat)1. Introduction
Starch in the endosperm of wheat (Triticum aestivum L.) is a
major form of carbon reserves and accounts for 65–75% of the
final dry weight of a kernel [1–3]. Starch exists as discrete6; fax: +86 514 87979317.
g).
cience Society of China a
ina and Institute of Crop
license (http://creativecomsemi-crystalline granules with various sizes, shapes, and size
distributions [4,5]. Wheat starch granules can normally be
divided into two types, large A-type granules (diameter
>9.9 μm) and small B-type granules (diameter <9.9 μm) [6–9].
However, small C-type granules have also been observed [10].nd Institute of Crop Science, CAAS.
Science, CAAS. Production and hosting by Elsevier B.V. This is an
mons.org/licenses/by-nc-nd/4.0/).
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granules into small, medium, and large sizes were <5 μm,
5–50 μm, and >50 μm, respectively. This separation method
was new and clearer than previous methods. The starch
granule size distribution of wheat is an important character
that can affect starch chemical composition, and consequently,
influence kernel quality [12–14]. However, knowledge about the
relationship between starch granule size distribution and
kernel weight in wheat is very limited.
The physicochemical properties of starch and the granule
size distribution in wheat are both genetically and environ-
mentally controlled [9,15–17]. Environmental factors exert a
greater effect on starch components and properties than does
cultivar variation [16]. Dai [15] reported that the contents of
A-, B-, and C-type starch granules in wheat were affected by
soil water, genotype, and soil water × genotype interaction.
Rainfed cultivation reduced the granules with diameters
>9.8 μm and increased the granules with diameters of 2.0–
9.8 μm and <9.8 μm compared to an irrigated treatment [18].
This finding indicates that the starch granule size distribution in
a wheat kernel may vary with soil moisture. However, little is
known about how post-anthesis soil drying affects starch
granule size distribution.
Polyamines (PAs), including spermidine (Spd), spermine
(Spm), and putrescine (Put), are considered endogenous plant
growth regulators or intracellular messengers responding to
environmental stress and mediating many physiological pro-
cesses including grain filling of cereals [19–23]. Inmaize (Zeamays
L.), PAs have been observed to be present atmuchhigher levels in
normal kernels than in aborting kernels, and that higher ratios of
Spd or Spm to ethylene are closely associated with higher kernel
set and kernel weight [24,25]. Similar results have been observed
in rice and wheat [26–29]. Application of Spd or Spm accelerated
kernel filling of wheat [29,30]. Application of Spd increased the
contents of amylose, amylopectin and total starch, and a higher
Spd content increased the formation of B-type starch granules in
wheat kernels under severe water deficit [31]. It is not known,
however, whether PAs could mediate the effect of post-anthesis
soil drying on starch granule size distribution, starch content, and
kernel weight.
Kernels on a wheat spike can be classified into superior
or inferior ones based on their flowering date or locations on the
spike [32,33]. Usually, superior kernels showahigher kernel filling
rate and a heavier weight than inferior ones [34,35]. The
difference in kernel weight between superior and inferior kernels
may be attributed to many factors, such as differences in
assimilate participation, hormonal levels, and starch biosyn-
thesis ability [34,36,37]. However, no information is available on
starch granule size distribution between superior and inferior
kernels or whether PAs can regulate the distribution when
wheat plants are subjected to post-anthesis soil drying.
The objective of this study was to test the hypothesis
that PAs mediate the effect of post-anthesis soil drying on
starch granule size distribution, starch content, and kernel
weight by regulating the key enzymes in starch synthesis, and
that PAs are involved in the difference in kernelweight between
superior and inferior kernels of wheat. PA levels, starch granule
size distribution, and activities in kernels of two key enzymes
in starch synthesis, soluble starch synthase (SSS) and granule-
bound starch synthase (GBSS), were investigated.2. Materials and methods
2.1. Plant material and growth conditions
The experiment was conducted at a research farm of
Yangzhou University, Jiangsu province, China (32°30′ N,
119°25′ E, 21 m altitude), during the wheat (Triticum aestivum L.)
growing season (November 2013–June 2014), and was repeated
during the wheat growing season in 2014–2015. Two cultivars,
Yangmai 16 (YM16) and Ningmai 13 (NM13), that are currently
used in local production, were grown in porcelain pots. Each pot
(30 cm in height and 25 cm in diameter, 14.72 L in volume) was
filled with 18 kg of sandy loam soil [Typic Fluvaquent, Entisol
(U.S. taxonomy)] that contained 20.2 g kg−1 organic matter,
105 mg kg−1 alkali hydrolyzable N, 34.2 mg kg−1 Olsen phospho-
rus, and 68.0 mg kg−1 exchangeable potassium. Twenty seeds
were sown in each pot. At the three-leaf stage, plants were
thinned to 10 plants per pot (equivalent to a density of 204 plants
m−2). The plantswerewatered daily by hand tomaintain the soil
water content close to field capacity (soil moisture content
0.189 g g−1) until 9 days post-anthesis (DPA), when soil drying
treatments were initiated. YM16 and NM13 headed 153 and
154 days after sowing (DAS), respectively, and flowered during
160–166 DAS.
2.2. Soil drying treatments
The experiment was a 2 × 3 (two cultivars and three levels
of soil water status) factorial design with six treatment
combinations. Each treatment had 48 pots as repetitions in a
randomized complete block design. From 9 DPA until maturity,
three levels of soil water potential (ψsoil) were imposed on the
plants by control of water application. The well-watered (WW)
treatment was maintained at −20 ± 5 kPa (soil moisture con-
tent 0.155 g g−1), a moderately soil drying (MD) treatment was
maintained at −40 ± 5 kPa (soil moisture content 0.119 g g−1),
and a severely soil drying (SD) treatment was maintained at
−60 ± 5 kPa (soil moisture content 0.091 g g−1). Soil water
potential was monitored at 15-cm to 20-cm soil depth. A
tension meter consisting of a 5-cm-long sensor (Soil Science
Research Institute, China Academy of Sciences, Nanjing, China)
was installed in each pot to monitor soil moisture. Tension
meter readings were recorded every 4 h from 600 to 1800 h.
When the reading dropped to the designated value, 200, 160,
and120 mLof tapwaterper potwere added to theWW,MD, and
SD plants, respectively. The pots were placed in a field and
sheltered from rain by a removable polyethylene shelter that
was placed over them during rain.
2.3. Sampling
Three-hundred spikes that flowered on the same day were
chosen and tagged in 30 pots of each treatment. Twenty to
thirty tagged spikes from each treatment were sampled at 6,
18, and 30 DPA. All kernels from each spike were removed.
Kernels on a spike were divided into two groups: superior and
inferior kernels. The basal kernels in the middle spikelets (the
fourth through twelfth spikelets) on a spike were taken as
superior and the other kernels on the spike as inferior kernels
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frozen in liquid nitrogen for 10 min and then stored at −70 °C to
determine the concentrations of free PAs (free Spd, free Spm,
and free Put) and the activities of starch synthases (SSS and
GBSS). Superior and inferior kernels then were also separated
from sixty tagged spikes, as described above, at maturity. The
mature superior and inferior kernels were ground to powder to
determine amylose, amylopectin, and starch content and to
extract starch granules after drying and weighing.
2.4. PAs determination
Free PAs fractions were extracted following the method of
Flores and Galston [38] with modification. Free PAs were
derivatized with benzoyl chloride and quantified by HPLC
(Waters 2695 Separations Module; Waters, Milford, MA, USA) as
described by DiTomaso et al. [39]. PA levels were averages of
three replications for each independent sample and expressed
as nmol g−1 DW.
2.5. Starch synthases determination
All chemicals and enzymes used for enzymatic measurements
in kernels were from Sigma Chemical Company (St. Louis, MO,
USA). The protein contentwas determined according to Bradford
[40], using bovine serum albumin (BSA) as the standard. The
activities of soluble starch synthase (SSS, EC2.4.1.21) and
granule-bound starch synthase (GBSS, EC2.4.1.21) wereTable 1 – Kernel weight and starch contents of superior and i
various soil drying treatments in a pot experiment.
Cultivar Year Treatment Kernel type Kernel weight
(mg grain−1)
YM16 2013–2014 WW Superior 55.12 ± 0.56 a
Inferior 35.70 ± 0.49 d
MD Superior 54.89 ± 0.68 a
Inferior 42.08 ± 0.33 c
SD Superior 46.97 ± 0.28 b
Inferior 31.83 ± 0.44 e
2014–2015 WW Superior 54.90 ± 0.58 a
Inferior 35.86 ± 0.41d
MD Superior 55.01 ± 0.44 a
Inferior 41.88 ± 0.69 c
SD Superior 47.11 ± 0.46 b
Inferior 31.95 ± 0.48 e
NM13 2013–2014 WW Superior 58.12 ± 0.58 a
Inferior 40.22 ± 0.59 d
MD Superior 58.15 ± 0.47 a
Inferior 45.72 ± 0.58 c
SD Superior 49.42 ± 0.60 b
Inferior 32.33 ± 0.57 e
2014–2015 WW Superior 58.04 ± 0.55 a
Inferior 40.36 ± 0.46 d
MD Superior 58.07 ± 0.54 a
Inferior 45.74 ± 0.63 c
SD Superior 49.34 ± 0.59 b
Inferior 32.21 ± 0.61 e
WW, MD, and SD represent well-watered, moderate soil drying and seve
Data are presented as mean ± standard error of the mean (n = 4). Differen
and year.determined as described previously [41]. Enzymatic activities
were expressed as nmol mg−1 protein min−1.
2.6. Amylose, amylopectin and starch determination
The contents of amylose, amylopectin, and starch in wheat
kernels were determined following He [42]. The starch content
was the sum of amylose and amylopectin.
2.7. Starch granule extraction and particle size analysis
Starch granules were extracted from the samples following
the methods of Peng et al. [12] and Ji et al. [43] with some
modifications. The particle size characteristics of the starch
were determined using anMS-2000 Laser Particle Size Analyzer
(Malvern, England). The starch granule size distribution at
maturity was measured by the software in the instrument,
andexpressed aspercentages. The starch granulesweredivided
into small (<5 μm), medium (5–50 μm), and large granules
(>50 μm) following our previously described method [11].
2.8. Chemical applications
The wheat cultivar NM13 was used for chemical application.
Plants were grown in the field during the 2014–2015 growing
season. Starting at 9 DPA, 1 mmol L−1 Spd, 1 mmol L−1 Spm,
2 mmol L−1 Put, and 5 mmol L−1 methylglyoxal-bis
(guanylhydrazone) (MGBG, which inhibits Spd and Spmnferior kernels in wheat cultivars YM16 and NM13 under
Amylose content
(mg grain−1)
Amylopectin content
(mg grain−1)
Starch content
(mg grain−1)
6.67 ± 0.15 a 29.37 ± 0.16 a 36.04 ± 0.25 a
4.24 ± 0.11 d 19.21 ± 0.20 d 23.45 ± 0.24 d
6.70 ± 0.12 a 29.26 ± 0.18 a 35.96 ± 0.27 a
4.91 ± 0.17c 21.76 ± 0.17 c 26.67 ± 0.28 c
5.72 ± 0.16 b 26.26 ± 0.20 b 31.98 ± 0.23 b
3.83 ± 0.13 e 17.39 ± 0.18 e 21.22 ± 0.25 e
6.59 ± 0.18 a 29.34 ± 0.14 a 35.93 ± 0.27 a
4.19 ± 0.15 d 19.10 ± 0.17d 23.29 ± 0.24 d
6.63 ± 0.14 a 29.24 ± 0.18 a 35.87 ± 0.31 a
5.00 ± 0.13 c 21.59 ± 0.19 c 26.59 ± 0.30 c
5.65 ± 0.19 b 26.39 ± 0.17 b 32.04 ± 0.29 b
3.78 ± 0.14 e 17.28 ± 0.16 e 21.06 ± 0.27e
6.69 ± 0.14 a 31.19 ± 0.20 a 37.88 ± 0.28 a
4.80 ± 0.15 d 21.66 ± 0.13 d 26.46 ± 0.27 d
6.76 ± 0.15 a 31.06 ± 0.22 a 37.82 ± 0.32 a
5.42 ± 0.14 c 24.56 ± 0.20 c 29.98 ± 0.31 c
5.92 ± 0.12 b 26.97 ± 0.21 b 32.89 ± 0.27 b
3.84 ± 0.11 e 17.42 ± 0.20 e 21.26 ± 0.34 e
6.71 ± 0.11 a 31.23 ± 0.18 a 37.94 ± 0.34 a
4.81 ± 0.10 d 21.77 ± 0.19 d 26.58 ± 0.29 d
6.77 ± 0.13 a 31.18 ± 0.21 a 37.95 ± 0.33 a
5.32 ± 0.15 c 24.70 ± 0.18 c 30.02 ± 0.27 c
5.90 ± 0.09 b 26.83 ± 0.20 b 32.73 ± 0.30 b
3.75 ± 0.14 e 17.59 ± 0.22 e 21.34 ± 0.26 e
re soil drying treatments, respectively.
t letters indicate significance at the 0.05 probability level within cultivar
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Chemical Company) were applied to spikes using a writing
brush that had been dipped in the solution. The chemicals
were applied daily for 4 days at a rate of 4 mL per spike at
each application, with 0.5% (v/v) Teepol (Fluka, Riedel-de-
Haen, Germany) as the surfactant. The same volume of
deionized water containing the same concentration of TeepolFig. 1 – Changes in number (a–b), length (c–d), volume (e–f), and surf
inferior (I) kernels of wheat cultivars YM16 (a, c, e, g) and NM13 (b,
MD, and SD represent well-watered, moderate soil drying, and sev
during kernel filling. Vertical bars represent ±standard error of thewas applied to control plants. Each chemical treatment was
applied to an area of 5 m2 with three replications.
For all of the chemical treatments, kernels on a spike were
also divided into superior and inferior kernels. The levels of
free PAs (free Spd, free Spm, and free Put) and activities of SSS
and GBSS were determined at 6, 18, and 30 DPA and were then
averaged. Kernel weight, contents of amylose, amylopectin andace area (g–h) distributionof starch granules in superior (S) and
d, f, h) at maturity under various soil drying treatments. WW,
ere soil drying treatments, respectively, in a pot experiment
mean (n = 4) where these exceed the size of the symbol.
448 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 4 4 – 4 5 8starch, and starch granule size distribution were determined at
maturity. The measurement methods for free PAs and starch
content were the same as described above. Each sample was
subjected to three measurements.
2.9. Statistical analysis
The results were analyzed for variance and correlation using
the SPSS statistical analysis package (version 16.0, SPSS,
Chicago, IL, USA). Data from each sampling date were analyzed
separately. The means were tested by least significant differ-
ence at P = 0.05 (LSD0.05).3. Results
3.1. Kernel weight and contents of amylose, amylopectin and
starch
The kernel weight and contents of amylose, amylopectin and
starch weremuch greater for superior than for inferior kernels
when the soil moisture was the same (Table 1). The kernel
weight and contents of amylose, amylopectin and starch in
inferior kernels were significantly increased underMD compared
with those underWW, and they showedno significant difference
between the two treatments for superior kernels (Table 1). SD
markedly reduced the kernel weight and contents of amylose,Table 2 – Proportion of starch granule number in superior an
maturity under various soil drying treatments in the pot exper
Cultivar Year Treatment Kernel type
YM16 2013–2014 WW Superior
Inferior
MD Superior
Inferior
SD Superior
Inferior
2014–2015 WW Superior
Inferior
MD Superior
Inferior
SD Superior
Inferior
NM13 2013–2014 WW Superior
Inferior
MD Superior
Inferior
SD Superior
Inferior
2014–2015 WW Superior
Inferior
MD Superior
Inferior
SD Superior
Inferior
WW, MD, and SD represent well-watered, moderate soil drying, and seve
Data are presented as mean ± standard error of the mean (n = 4). Differen
and year.amylopectin, and starch for both superior and inferior kernels
(Table 1). Similarly to starch content and kernel weight, kernel
yield was significantly increased under MD, whereas it was
significantly decreased under SD relative to that underWW (data
not shown). The increased yield underMDwasmainly due to the
increased weight of inferior kernels. The two cultivars showed
the same tendency in both growing seasons (Table 1).
3.2. Starch granule size distribution
The distributions of starch granule number, length, volume,
and surface area in wheat kernels displayed a typical unimodal
curve, a trimodal curve, a tetramodal curve, and a typical
trimodal curve, respectively, for both superior and inferior
kernels (Fig. 1). The pattern of the granule size distribution was
very similar in both superior kernels and inferior ones, even
under different soil drying treatments (Fig. 1).
3.3. Distribution of granule number, length, volume, and
surface area
The proportions of the number and length of small (<5 μm)
starch granules in wheat kernels were in the range of
99.7–99.8% and 95.5–95.8%, respectively (Tables 2, 3), indicating
that the starch in wheat endosperm is almost made up of small
granules, and that the total length of granules was determined
mainly by small granules. No marked difference betweend inferior kernels of wheat cultivars YM16 and NM13 at
iment.
Number (%)
Small granules
( <5 μm)
Medium granules
(5–50 μm)
Large granules
(>50 μm)
99.72 ± 0.08 a 0.27 ± 0.05 a 0.00010 ± 0.00 e
99.73 ± 0.10 a 0.26 ± 0.04 a 0.00016 ± 0.00 b
99.74 ± 0.07 a 0.26 ± 0.04a 0.00009 ± 0.00 e
99.74 ± 0.06 a 0.25 ± 0.14 a 0.00015 ± 0.00 c
99.75 ± 0.08 a 0.25 ± 0.10 a 0.00013 ± 0.00 d
99.72 ± 0.06 a 0.28 ± 0.06 a 0.00018 ± 0.00 a
99.71 ± 0.06 a 0.29 ± 0.06 a 0.00004 ± 0.00 e
99.69 ± 0.11 a 0.31 ± 0.05 a 0.00010 ± 0.00 b
99.69 ± 0.12 a 0.31 ± 0.06 a 0.00004 ± 0.00 e
99.70 ± 0.10 a 0.30 ± 0.07 a 0.00008 ± 0.00 c
99.71 ± 0.12 a 0.29 ± 0.06 a 0.00006 ± 0.00 d
99.70 ± 0.09 a 0.30 ± 0.06 a 0.00012 ± 0.00 a
99.72 ± 0.10 a 0.28 ± 0.06 a 0.00005 ± 0.00 e
99.69 ± 0.14 a 0.31 ± 0.07 a 0.00013 ± 0.00 b
99.73 ± 0.11 a 0.27 ± 0.08 a 0.00006 ± 0.00 e
99.68 ± 0.12 a 0.32 ± 0.05 a 0.00010 ± 0.00 c
99.74 ± 0.10 a 0.27 ± 0.06 a 0.00008 ± 0.00 d
99.72 ± 0.09 a 0.28 ± 0.09 b 0.00016 ± 0.00 a
99.65 ± 0.11 a 0.35 ± 0.12 a 0.00001 ± 0.00 e
99.72 ± 0.12 a 0.28 ± 0.11 a 0.00011 ± 0.00 b
99.71 ± 0.13 a 0.29 ± 0.12 a 0.00001 ± 0.00 e
99.70 ± 0.10 a 0.30 ± 0.08 a 0.00008 ± 0.00 c
99.70 ± 0.12 a 0.30 ± 0.10 a 0.00005 ± 0.00 d
99.67 ± 0.16 a 0.33 ± 0.12 a 0.00015 ± 0.00 a
re soil drying treatments, respectively.
t letters indicate significance at the 0.05 probability level within cultivar
Table 3 – Proportion of starch granule length in superior and inferior kernels of wheat cultivars YM16 and NM13 at maturity
under various soil drying treatments in a pot experiment.
Cultivar Year Treatment Kernel type Length (%)
Small granules
( <5 μm)
Medium granules
(5–50 μm)
Large granules
(>50 μm)
YM16 2013–2014 WW Superior 95.64 ± 0.23 a 4.35 ± 0.18 a 0.00591 ± 0.00 e
Inferior 95.62 ± 0.22 a 4.37 ± 0.16 a 0.01054 ± 0.00 b
MD Superior 95.68 ± 0.21 a 4.31 ± 0.16 a 0.00593 ± 0.00 e
Inferior 95.79 ± 0.24 a 4.20 ± 0.17 a 0.00823 ± 0.00 c
SD Superior 95.73 ± 0.22 a 4.26 ± 0.18 a 0.00737 ± 0.00 d
Inferior 95.60 ± 0.24 a 4.39 ± 0.19 a 0.01409 ± 0.00 a
2014–2015 WW Superior 95.62 ± 0.29 a 4.38 ± 0.16 a 0.00375 ± 0.00 e
Inferior 95.67 ± 0.22 a 4.32 ± 0.22 a 0.00780 ± 0.00 b
MD Superior 95.54 ± 0.32 a 4.46 ± 0.14 a 0.00373 ± 0.00 e
Inferior 95.49 ± 0.31 a 4.50 ± 0.16 a 0.00676 ± 0.00 c
SD Superior 95.59 ± 0.28 a 4.40 ± 0.16 a 0.00598 ± 0.00 d
Inferior 95.62 ± 0.26 a 4.37 ± 0.21 a 0.01071 ± 0.00 a
NM13 2013–2014 WW Superior 95.55 ± 0.20 a 4.44 ± 0.18 a 0.00505 ± 0.00 e
Inferior 95.60 ± 0.22 a 4.39 ± 0.16 a 0.00929 ± 0.00 b
MD Superior 95.51 ± 0.18 a 4.48 ± 0.18 a 0.00506 ± 0.00 e
Inferior 95.49 ± 0.23 a 4.50 ± 0.17 a 0.00782 ± 0.00 c
SD Superior 95.54 ± 0.22 a 4.45 ± 0.16 a 0.00644 ± 0.00 d
Inferior 95.52 ± 0.19 a 4.47 ± 0.18 a 0.01268 ± 0.00 a
2014–2015 WW Superior 95.60 ± 0.32 a 4.40 ± 0.18 a 0.00047 ± 0.00 e
Inferior 95.55 ± 0.28 a 4.44 ± 0.15 a 0.00981 ± 0.00 b
MD Superior 95.57 ± 0.29 a 4.43 ± 0.14 a 0.00047 ± 0.00 e
Inferior 95.67 ± 0.23 a 4.32 ± 0.15 a 0.01094 ± 0.00 c
SD Superior 95.54 ± 0.32 a 4.45 ± 0.16 a 0.00626 ± 0.00 d
Inferior 95.52 ± 0.33 a 4.47 ± 0.13 a 0.01232 ± 0.00 a
WW, MD, and SD represent well-watered, moderate soil drying, and severe soil drying treatments, respectively.
Data are presented as mean ± standard error of the mean (n = 4). Different letters indicate significance at the 0.05 probability level within cultivar
and year.
449T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 4 4 – 4 5 8superior and inferior kernels in the proportions of the number
and length of small and medium granules under various levels
of soil drying was observed. However, the proportions of
the number and length of large granules were much greater
in inferior than in superior kernels. Compared with WW,
MD significantly reduced the proportions of the number
and length of large granules in inferior kernels, but showed no
effect on those in superior kernels. SD significantly increased
the proportions in both superior and inferior kernels (Tables 2
and 3).
The proportion of medium starch granule volume
(5–50 μm) in wheat kernels was in the range of 80.2–90.0%
(Table 4), suggesting that the volume of medium granules is
the most important contributor to the total volume of starch
granules. The surface area of small starch granules (<5 μm)
andmedium granules (5–50 μm) accounted for 55.5–57.7% and
35.2–43.8% of the total surface area of starch granules, and
only 0.21–7.79% for large granules (>50 μm) (Table 5), implying
that small and medium granules were the two main contrib-
utors to the total surface area of granules. No significant
difference for the volume and surface area of small starch
granules between superior and inferior kernels was observed.
The volume and surface area of medium granules were much
greater in superior than in inferior kernels, but much less for
large granules. In contrast to WW, MD significantly increased
the proportions of the volume and surface area of medium
granules in inferior kernels, whereas SD decreased the propor-
tions of the volume and surface area of medium granules andincreased those of large granules in both superior and inferior
kernels (Tables 4 and 5).
The contents of amylose, amylopectin, starch and kernel
weight were significantly and positively correlated with the
proportions of the volume and surface area of medium
granules (r = 0.74⁎⁎ to 0.84⁎⁎, P = 0.01, Table 6), and were very
significantly and negatively correlated with the proportion of
large granule size (r = −0. 80⁎⁎ to −0.91⁎⁎, P = 0.01, Table 6).
3.4. PAs concentrations in kernels
The free Spd and free Spm concentrations were much higher
in superior than in inferior kernels at 6 and 18 DPA, whereas
this relationship was reversed at 30 DPA (Table 7). The free Put
concentration was much higher in inferior than in superior
kernels at 30 DPA. Compared with those under WW, both free
Spd and free Spm concentrations in inferior kernels under MD
were significantly increased at 18 DPA and decreased at 30
DPA, and showed no significant difference between the WW
andMD treatments for superior kernels (Table 7). SDmarkedly
reduced the free Spd and free Spm concentrations in both
superior and inferior kernels. MD decreased the free Put
concentration in inferior kernels, whereas SD increased the
free Put level in both superior and inferior kernels at 18 and 30
DPA compared with the WW (Table 7). MD significantly
increased the mean concentrations of free Spd and free Spm,
whereas it decreased free Put concentration, in inferior
kernels during kernel filling (Table 7).
Table 4 – Proportion of starch granule volume in superior and inferior kernels of wheat cultivars YM16 and NM13 at
maturity under various soil drying treatments in a pot experiment.
Cultivar Year Treatment Kernel type Volume (%)
Small granules
( <5 μm)
Medium granules
(5–50 μm)
Large granules
(>50 μm)
YM16 2013–2014 WW Superior 9.26 ± 0.18 a 88.42 ± 0.12 a 2.32 ± 0.15 e
Inferior 9.23 ± 0.21 a 84.64 ± 0.26 d 6.13 ± 0.16 b
MD Superior 9.32 ± 0.16 a 88.25 ± 0.28 a 2.43 ± 0.16 e
Inferior 9.30 ± 0.15 a 85.60 ± 0.16 c 5.10 ± 0.18 c
SD Superior 9.28 ± 0.21 a 86.89 ± 0.22 b 3.83 ± 0.15 d
Inferior 9.21 ± 0.16 a 83.18 ± 0.11 e 7.61 ± 0.14 a
2014–2015 WW Superior 9.91 ± 0.22 a 89.99 ± 0.20 a 0.10 ± 0.09 e
Inferior 10.10 ± 0.24 a 84.04 ± 0.22 d 5.86 ± 0.21 b
MD Superior 9.89 ± 0.23 a 89.96 ± 0.26 a 0.15 ± 0.06 e
Inferior 10.12 ± 0.18 a 84.98 ± 0.17 c 4.90 ± 0.18 d
SD Superior 10.20 ± 0.15 a 85.42 ± 0.23 b 4.38 ± 0.21 c
Inferior 10.15 ± 0.16 a 82.21 ± 0.24 e 7.64 ± 0.25 a
NM13 2013–2014 WW Superior 11.12 ± 0.18 a 88.25 ± 0.15 a 0.63 ± 0.14 e
Inferior 11.09 ± 0.20 a 86.23 ± 0.12 d 2.68 ± 0.20 b
MD Superior 11.13 ± 0.17 a 88.36 ± 0.10 a 0.51 ± 0.19 e
Inferior 11.03 ± 0.10 a 87.37 ± 0.17 c 0.99 ± 0.14 d
SD Superior 11.06 ± 0.12 a 87.79 ± 0.10 b 1.60 ± 0.12 c
Inferior 11.13 ± 0.10 a 80.24 ± 0.26 e 7.81 ± 0.26 a
2014–2015 WW Superior 12.25 ± 0.21 a 87.39 ± 0.19 a 0.36 ± 0.09 e
Inferior 12.26 ± 0.18 a 81.54 ± 0.11 d 6.20 ± 0.18 b
MD Superior 12.41 ± 0.16 a 87.21 ± 0.23 a 0.38 ± 0.16 e
Inferior 12.22 ± 0.22 a 82.07 ± 0.14 c 5.71 ± 0.23 d
SD Superior 12.30 ± 0.18 a 84.12 ± 0.24 b 3.58 ± 0.20 c
Inferior 12.23 ± 0.23 a 80.50 ± 0.16 e 7.27 ± 0.19 a
WW, MD, and SD represent well-watered, moderate soil drying, and severe soil drying treatments, respectively.
Data are presented as mean ± standard error of the mean (n = 4). Different letters indicate significance at the 0.05 probability level within cultivar
and year.
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The SSS and GBSS activities were much higher in superior
than in inferior kernels at 6 and 18 DPA. Compared with WW,
MD markedly increased the activities of SSS and GBSS in
inferior kernels at 18 and 30 DPA, and exhibited no significant
effect on those in superior kernels. SD significantly reduced
activities of both enzymes in either superior or inferior
kernels at 18 and 30 DPA (Fig. 2). MD markedly increased the
mean activities of SSS and GBSS in inferior kernels during
kernel filling period (Fig. 2).
3.6. Correlations of PA levels with kernel weight and granule
size distribution
The correlation of the mean free Put concentration with the
contents of amylose, amylopectin, starch and kernel weight
was insignificant (r = 0.04 to 0.10, P > 0.05, Table 8). The mean
concentrations of free Spd and free Spm and the ratio of Spd
to Put (Spd/Put) or Spm to Put (Spm/Put) were significantly
and positively correlated with the mean activities of SSS and
GBSS during the kernel filling period and the contents of
amylose, amylopectin, and starch and kernel weight at
maturity (r = 0.90⁎⁎ to 0.99⁎⁎, P = 0.01, Table 8).
PA levels were also very significantly and positively
correlated with the proportions of the volume and surface
area of medium granules (r = 0.57⁎⁎ to 0.83⁎⁎, P = 0.01, Table 9),
and very significantly and negatively correlated with theproportion of large granule size (r = −0.72⁎⁎ to −0.91⁎⁎, P = 0.01,
Table 9). No significant correlation was observed between
free Put concentration and starch granule size distribution
(r = −0.25 to 0.29, P > 0.05, Table 9).
3.7. Effects of chemical application
To verify the roles of PAs in starch synthesis and the starch
granule size distribution in wheat kernels, synthetic Spd,
Spm, Put, or MGBG, which inhibits Spd and Spm synthesis by
inhibiting S-adenosylmethionine decarboxylase (SAMDC),
was applied to spikes during the early kernel filling period.
As shown in Table 10, application of Spd or Spm significantly
increased themean concentration of free Spd or free Spm, and
Spd/Put and Spm/Put, while application of Put increased the
mean free Put concentration in inferior kernels. When MGBG,
an inhibitor of Spd and Spm synthesis, was applied to spikes,
the mean free Put was increased, whereas the mean free Spd
and free Spm were reduced in inferior kernels (Table 10). The
effects of MGBG on free PAs were eliminated by concomitant
treatment with Spd (Table 10). Application of Spd or Spm
significantly increased the activities of SSS or GBSS, kernel
weight, starch content, and proportions of the volume and
surface area of medium granules, whereas it markedly
reduced the proportions of the volume and surface area of
large granules, in inferior kernels (Table 10). There was no
significant effect on the enzymatic activities and starch
granule distribution when Put was applied. Application of
Table 5 – Proportion of starch granule surface area in superior and inferior kernels of wheat cultivars YM16 and NM13 at
maturity under various soil drying treatments in a pot experiment.
Cultivar Year Treatment Kernel type Surface area (%)
Small granules
(<5 μm)
Medium granules
(5–50 μm)
Large granules
(>50 μm)
YM16 2013–2014 WW Superior 56.97 ± 0.33 a 42.67 ± 0.24 a 0.36 ± 0.10 e
Inferior 57.02 ± 0.32 a 40.02 ± 0.31 d 2.96 ± 0.12 b
MD Superior 56.80 ± 0.32 a 42.87 ± 0.25 a 0.33 ± 0.08 e
Inferior 56.94 ± 0.30 a 40.78 ± 0.29 c 2.28 ± 0.08 c
SD Superior 57.07 ± 0.36 a 41.39 ± 0.23 b 1.54 ± 0.11 d
Inferior 56.88 ± 0.34 a 39.62 ± 0.28 e 3.50 ± 0.09 a
2014–2015 WW Superior 55.46 ± 0.36 a 43.77 ± 0.24 a 0.77 ± 0.16 e
Inferior 55.65 ± 0.33 a 40.16 ± 0.21 d 4.19 ± 0.23 b
MD Superior 55.55 ± 0.39 a 43.67 ± 0.25 a 0.78 ± 0.18 e
Inferior 55.64 ± 0.42 a 41.87 ± 0.18 c 2.49 ± 0.22 c
SD Superior 55.94 ± 0.36 a 42.26 ± 0.20 b 1.80 ± 0.21 d
Inferior 55.68 ± 0.38 a 39.03 ± 0.23 e 5.29 ± 0.26 a
NM13 2013–2014 WW Superior 57.54 ± 0.38 a 42.25 ± 0.28 a 0.21 ± 0.05 e
Inferior 57.45 ± 0.33 a 40.11 ± 0.32 d 2.44 ± 0.13 b
MD Superior 57.28 ± 0.43 a 42.49 ± 0.33 a 0.23 ± 0.04 e
Inferior 57.52 ± 0.36 a 40.98 ± 0.35 c 1.50 ± 0.10 c
SD Superior 57.65 ± 0.42 a 41.87 ± 0.22 b 0.48 ± 0.08 d
Inferior 57.68 ± 0.43 a 39.31 ± 0.34 e 3.01 ± 0.14 a
2014–2015 WW Superior 56.83 ± 0.43 a 42.46 ± 0.22 a 0.71 ± 0.08 e
Inferior 57.24 ± 0.42 a 37.01 ± 0.18 d 5.75 ± 0.16 b
MD Superior 57.15 ± 0.36 a 42.26 ± 0.23 a 0.64 ± 0.09 e
Inferior 57.32 ± 0.49 a 38.39 ± 0.16 c 4.29 ± 0.21 c
SD Superior 57.24 ± 0.44 a 39.54 ± 0.21 b 3.22 ± 0.23 d
Inferior 56.99 ± 0.32 a 35.22 ± 0.19 e 7.79 ± 0.26 a
WW, MD, and SD represent well-watered, moderate soil drying, and severe soil drying treatments, respectively.
Data are presented as mean ± standard error of the mean (n = 4). Different letters indicate significance at the 0.05 probability level within cultivar
and year.
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contrast to Spd or Spm application (Table 10). Except for
MGBG, application of the chemicals showed no significant
effect on free PAs in superior kernels (data not shown).4. Discussion
The volumeofA-type granuleswas significantly lower,whereas
that of B-type granules was higher, in grains ofmiddle spikeletsTable 6 – Correlations of the proportion of starch granule size dis
of amylose, amylopectin, and starch in kernels at maturity in a
Granule proportion Types of starch granule Kernel weight
Number (%) Small granules (<5 μm) 0.06
Medium granules (5–50 μm) −0.05
Large granules (>50 μm) −0.83 ⁎⁎
Length (%) Small granules (<5 μm) −0.04
Medium granules (5–50 μm) 0.07
Large granules (>50 μm) −0.89 ⁎⁎
Volume (%) Small granules (<5 μm) 0.14
Medium granules (5–50 μm) 0.83 ⁎⁎
Large granules (>50 μm) −0.91 ⁎⁎
Surface area (%) Small granules (<5 μm) 0.05
Medium granules (5–50 μm) 0.76 ⁎⁎
Large granules (>50 μm) −0.81 ⁎⁎
⁎⁎ Correlation significant at the 0.01 probability level (n = 24).than in those of upper and basal spikelets in wheat [37]. The
distribution of the starch granule volume in basal kernels and
distal kernels on a wheat spike showed a three-peak and a
two-peak curve, respectively [15]. Superior kernels showed
higher proportions of the volume and surface area of medium
starch granules and smaller size of large granules than did
inferior kernels (Tables 2–5, Fig. 1). The correlation analysis
showed that the contents of amylose, amylopectin, and starch
and kernel weight were significantly correlated with the
proportions of thevolumeand surfacearea ofmediumgranules,tribution in wheat kernels with kernel weight and contents
pot experiment.
Amylose content Amylopectin content Starch content
0.10 0.07 0.08
−0.05 −0.05 −0.05
−0.81 ⁎⁎ −0.83 ⁎⁎ −0.83 ⁎⁎
−0.03 −0.04 −0.04
0.05 0.07 0.06
−0.88 ⁎⁎ −0.88 ⁎⁎ −0.88 ⁎⁎
0.08 0.15 0.14
0.84 ⁎⁎ 0.81 ⁎⁎ 0.82 ⁎⁎
−0.91 ⁎⁎ −0.91 ⁎⁎ −0.91 ⁎⁎
0.03 0.07 0.07
0.78 ⁎⁎ 0.74 ⁎⁎ 0.75 ⁎⁎
−0.82 ⁎⁎ −0.80 ⁎⁎ −0.80 ⁎⁎
Table 7 – Concentrations of polyamines in superior and inferior kernels of wheat cultivars YM16 and NM13 under various soil drying treatments in a pot experiment.
Cultivar Year Treatment Kernel
type
Free Spd
(×102 nmol g−1 DW)
Free Spm
(×102 nmol g−1 DW)
Free Put
(×103 nmol g−1 DW)
6 DPA 18 DPA 30 DPA 6 DPA 18 DPA 30 DPA 6 DPA 18 DPA 30 DPA
YM16 2013–2014 WW Superior 3.26 ± 0.08 a 8.03 ± 0.07 a 1.76 ± 0.04 d 2.46 ± 0.06 a 5.86 ± 0.06 a 2.04 ± 0.04 c 0.98 ± 0.06 a 1.33 ± 0.05 b 0.91 ± 0.05e
Inferior 1.45 ± 0.06 b 2.88 ± 0.04 d 3.16 ± 0.09 b 0.95 ± 0.05 b 3.24 ± 0.05 d 2.39 ± 0.10 b 0.78 ± 0.07 b 0.91 ± 0.09 d 1.47 ± 0.08 b
MD Superior 3.29 ± 0.10 a 8.08 ± 0.06 a 1.73 ± 0.06 d 2.50 ± 0.05 a 5.91 ± 0.06 a 2.06 ± 0.03 c 0.95 ± 0.08 a 1.31 ± 0.08 b 0.95 ± 0.10 e
Inferior 1.42 ± 0.07 b 3.17 ± 0.05 c 3.74 ± 0.04 a 0.97 ± 0.04 b 3.96 ± 0.02 c 2.98 ± 0.04 a 0.75 ± 0.05 b 0.75 ± 0.06 e 1.28 ± 0.06 c
SD Superior 3.24 ± 0.06 a 6.72 ± 0.05 b 1.42 ± 0.05 e 2.48 ± 0.05 a 5.02 ± 0.09 b 1.82 ± 0.03 d 1.00 ± 0.10 a 1.46 ± 0.07 a 1.19 ± 0.07 d
Inferior 1.44 ± 0.06 b 2.22 ± 0.08 e 2.39 ± 0.06 c 0.98 ± 0.06 b 3.08 ± 0.04 e 2.11 ± 0.04 c 0.79 ± 0.06 b 1.13 ± 0.10 c 1.63 ± 0.10 a
2014–2015 WW Superior 3.28 ± 0.07 a 8.05 ± 0.08 a 1.78 ± 0.07 d 2.43 ± 0.08 a 5.79 ± 0.10 a 2.08 ± 0.08 c 0.94 ± 0.06 a 1.36 ± 0.06 b 0.93 ± 0.07 e
Inferior 1.41 ± 0.06 b 2.85 ± 0.05 d 3.20 ± 0.10 b 0.92 ± 0.04 b 3.31 ± 0.09 d 2.34 ± 0.12 b 0.71 ± 0.07 b 0.90 ± 0.05 d 1.49 ± 0.05 b
MD Superior 3.25 ± 0.05 a 8.11 ± 0.07 a 1.78 ± 0.04 d 2.47 ± 0.05 a 5.88 ± 0.07 a 2.10 ± 0.05 c 0.90 ± 0.06 a 1.32 ± 0.07 b 0.96 ± 0.08 e
Inferior 1.39 ± 0.08 b 3.14 ± 0.03 c 3.71 ± 0.09 a 0.94 ± 0.04 b 4.01 ± 0.11 c 2.92 ± 0.09 a 0.69 ± 0.07 b 0.72 ± 0.04 e 1.32 ± 0.06 c
SD Superior 3.23 ± 0.05 a 6.69 ± 0.10 b 1.45 ± 0.07 e 2.44 ± 0.06 a 5.09 ± 0.08 b 1.86 ± 0.07 d 0.91 ± 0.08 a 1.42 ± 0.08 a 1.21 ± 0.05 d
Inferior 1.42 ± 0.07 b 2.25 ± 0.11e 2.42 ± 0.11 c 0.92 ± 0.04 b 3.03 ± 0.06 e 2.13 ± 0.10 c 0.68 ± 0.04 b 1.09 ± 0.06 c 1.68 ± 0.07 a
NM13 2013–2014 WW Superior 3.63 ± 0.06 a 9.11 ± 0.05 a 2.46 ± 0.04 d 3.02 ± 0.06 a 6.44 ± 0.12 a 2.02 ± 0.06 d 1.12 ± 0.07 a 1.34 ± 0.08 b 1.03 ± 0.07 d
Inferior 1.62 ± 0.07 b 3.32 ± 0.03 d 3.47 ± 0.08 b 1.22 ± 0.09 b 3.20 ± 0.10 d 2.58 ± 0.09 b 0.80 ± 0.04 b 0.94 ± 0.09 d 1.43 ± 0.06 b
MD Superior 3.60 ± 0.05 a 9.08 ± 0.09 a 2.42 ± 0.07 d 2.99 ± 0.06 a 6.38 ± 0.09 a 2.06 ± 0.07 d 1.14 ± 0.09 a 1.32 ± 0.06 b 0.97 ± 0.09 d
Inferior 1.64 ± 0.04 b 4.14 ± 0.08 c 3.80 ± 0.13 a 1.23 ± 0.03 b 3.87 ± 0.03 c 2.83 ± 0.10 a 0.82 ± 0.08 b 0.74 ± 0.07 e 1.27 ± 0.08 c
SD Superior 3.62 ± 0.04 a 6.83 ± 0.12 b 2.02 ± 0.06 e 3.00 ± 0.10 a 5.04 ± 0.05 b 1.92 ± 0.11 e 1.10 ± 0.10 a 1.51 ± 0.10 a 1.24 ± 0.09 c
Inferior 1.63 ± 0.09 b 2.55 ± 0.09 e 2.98 ± 0.10 c 1.25 ± 0.11 b 2.86 ± 0.11 e 2.31 ± 0.08 c 0.78 ± 0.08 b 1.18 ± 0.07 c 1.71 ± 0.12 a
2014–2015 WW Superior 3.66 ± 0.10 a 9.16 ± 0.11 a 2.45 ± 0.08 d 3.06 ± 0.08 a 6.49 ± 0.07 a 2.08 ± 0.07 d 1.09 ± 0.08 a 1.29 ± 0.09 b 1.07 ± 0.08 d
Inferior 1.64 ± 0.04 b 3.36 ± 0.05 d 3.43 ± 0.10 b 1.25 ± 0.04 b 3.24 ± 0.11 d 2.62 ± 0.06 b 0.78 ± 0.07 b 1.00 ± 0.08 d 1.50 ± 0.06 b
MD Superior 3.62 ± 0.08 a 9.09 ± 0.08 a 2.39 ± 0.10 d 3.01 ± 0.09 a 6.43 ± 0.10 a 2.02 ± 0.04 d 1.11 ± 0.06 a 1.35 ± 0.10 b 1.11 ± 0.09 d
Inferior 1.62 ± 0.05 b 4.17 ± 0.06 c 3.75 ± 0.07 a 1.23 ± 0.04 b 3.94 ± 0.07 c 2.88 ± 0.08 a 0.79 ± 0.06 b 0.77 ± 0.06 e 1.30 ± 0.07 c
SD Superior 3.68 ± 0.05 a 6.81 ± 0.09 b 2.04 ± 0.04 e 3.04 ± 0.12 a 5.09 ± 0.12 b 1.58 ± 0.04 e 1.08 ± 0.05 a 1.49 ± 0.04 a 1.26 ± 0.08 c
WW, MD, and SD represent well-watered, moderate soil drying, and severe soil drying treatments, respectively. Data are presented as mean ± standard error of the mean (n = 4). Different letters
indicate significance at the 0.05 probability level within cultivar and year.
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Fig. 2 – Activities of soluble starch synthase (SSS, a–d) and granule-bound starch synthase (GBSS, e–h) in superior (S) and
inferior (I) kernels of wheat cultivar YM16 (a, c, e, g), and NM13 (b, d, f, h) under various soil drying treatments in a pot
experiment. WW, MD, and SD represent well-watered, moderate soil drying, and severe soil drying treatments respectively.
Vertical bars represent ±standard error of the mean (n = 4) where these exceed the size of the symbol. The letters above the
column indicate significance at the 0.05 probability level among the soil drying treatmentswithin the samemeasurement date.
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Table 8 – Correlations of the mean concentrations of polyamines in wheat kernels with kernel weight and contents of
amylose, amylopectin, and starch in kernels at maturity in a pot experiment.
Correlations with Kernel weight Amylose content Amylopectin content Starch content
Mean free Spd concentration 0.98 ⁎⁎ 0.97 ⁎⁎ 0.98 ⁎⁎ 0.98 ⁎⁎
Mean free Spm concentration 0.98 ⁎⁎ 0.98 ⁎⁎ 0.98 ⁎⁎ 0.98 ⁎⁎
Mean free Put concentration 0.04 0.10 0.10 0.09
Spd/Put 0.99 ⁎⁎ 0.98 ⁎⁎ 0.97 ⁎⁎ 0.98 ⁎⁎
Spm/Put 0.95 ⁎⁎ 0.94 ⁎⁎ 0.92 ⁎⁎ 0.93 ⁎⁎
Mean SSS activity 0.92 ⁎⁎ 0.90 ⁎⁎ 0.93 ⁎⁎ 0.92 ⁎⁎
Mean GBSS activity 0.91 ⁎⁎ 0.90 ⁎⁎ 0.92 ⁎⁎ 0.91 ⁎⁎
⁎⁎ Correlation significant at the 0.01 probability level (n = 24).
454 T H E C R O P J O U R N A L 4 ( 2 0 1 6 ) 4 4 4 – 4 5 8andwere highly significantly and negatively correlatedwith the
proportion of large granule size (Table 6). The results indicate
that variation in the volume and surface area of medium
granules results, at least partly, in a difference in kernel weight
between superior and inferior kernels, and suggests that
increases in the volume and surface area of the medium
granules increase kernel weight of inferior kernels in wheat.
How could the volume and surface area of the medium
granules be increased in inferior kernels? We observed that
MD treatment imposed during kernel filling increased the
volume and surface area of the medium granules in inferior
kernels (Tables 4 and 5, Fig. 1), and consequently, increase
contents of amylose, amylopectin and starch and kernel
weight in these kernels (Table 1). In contrast, SD treatment
imposed during kernel filling reduced the volume and surface
area of the medium granules and accordingly, decreased
kernel weight of inferior kernels. The results show clearly that
an irrigation regime can affect the starch granule size
distribution and kernel weight in wheat, especially for inferior
kernels. MD treatment during kernel filling of wheat can
increase kernel weight through increasing the volume of
medium-sized starch granules in kernels.
The physiological mechanism by which MD could increase
the volume and surface area of medium granules and decrease
the formation of large granules in inferior kernels is yet to be
determined. The present results showed that MD markedly
increased the mean concentrations of free Spd and free Spm,
Spd/Put and Spm/Put, and the mean SSS and GBSS activities in
kernels during the kernel filling period (Table 7, Fig. 2). The Spd
and Spm concentrations were highly significantly correlated
with the proportions of the volume and surface area ofmedium
granules (Table 8), and significantly correlated with SSS and
GBSS activities in kernels during kernel filling period (Table 9).
When Spd or Spm was applied to spikes at the early kernel
filling stage, the mean concentrations of free Spd and free Spm
and their ratios to free Put, the SSS and GBSS activities, the
proportions of volume and surface area of medium granules,
contents of amylose, amylopectin and starch, and weight of
inferior kernels were all significantly increased, while the large
granule size in inferior kernels was dramatically decreased
(Table 10). Application of MGBG led to completely opposite
effects for inferior kernels (Table 10). These results suggest that
the elevated level of free Spd and free Spm in inferior kernels by
the MD plays a key role in increasing the volume of medium
granules and inhibiting the formation of large granules by
enhancing the activities of SSS and GBSS.The mechanism by which PAs regulate the distribution
of starch granules is not clear. Exogenous Spd and Spm
significantly enhanced the activities of key enzymes involved
in starch synthesis in inferior spikelets of rice [26]. Both SSS and
GBSS are believed to be the key enzymes in starch synthesis and
their activities are closely associated with starch accumulation
rate [3,44,45]. The results imply that PAs, especially Spd and
Spm, are involved in the formation of the starch granule size
distribution by regulating the activities or gene expressions of
the key enzymes in starch synthesis in wheat kernels. MD
during grain filling enhances the biosynthesis of higher PAs
(Spd and Spm), and thereby increases the volume and surface
area of the medium granules by enhancing activities of the key
enzymes involved in starch biosynthesis.
It is notable that neither PA levels nor starch content
and kernel weight of superior kernels were markedly affected
by MD treatment (Tables 1 and 7). Similar observations were
also made by Chen et al. [28] who reported that post-anthesis
soil drying treatment markedly affected PAs and ethylene
levels and kernel weight of inferior spikelets of rice, but
exerted little effect on those of superior spikelets. The
mechanism involved is unclear. A plausible explanation is
that earlier-flowering superior kernels dominate over later-
flowering inferior kernels in hormonal levels and kernel filling
[28,46], and that MD treatment in this study could not
markedly alter the PAs biosynthesis in superior kernels and,
consequently, could not appreciably affect the distribution
of starch granule size and kernel filling in wheat. Further
research is needed to identify the mechanism by which
superior and inferior grains in cereals respond differently to
soil drying.5. Conclusion
The volume of medium granules was much greater, whereas
that of large granules was much smaller, in superior than in
inferior wheat kernels. The MD imposed during kernel filling
increased starch content in inferior kernels and kernel weight.
The increase in kernel weight under MD was due mainly to
the increase in the volume of medium granules and smaller
size of large granules. PAs may mediate the effect of
post-anthesis soil drying on starch biosynthesis in wheat
kernels by regulating key enzymes in starch synthesis.
Elevated PA levels under MD could increase the volume of
medium granules and kernel weight of inferior kernels.
Table 9 – Correlations of the proportion of starch granule size distribution inwheat kernels with themean concentrations of polyamines and the ratios of free Spd or free Spm
to free Put and the mean activity of starch synthesis (SSS and GBSS) during the kernel filling period in a pot experiment.
Granules
proportion
Types of
starch granule
Mean free Spd
concentration
Mean free Spm
concentration
Mean free Put
concentration
Spd/Put Spm/Put Mean SSS
activity
Mean GBSS
activity
Number (%) Small granules
(<5 μm)
0.06 0.09 0.12 0.01 0.04 0.01 0.06
Medium granules
(5–50 μm)
−0.03 −0.07 −0.04 −0.01 −0.05 0.04 −0.03
Large granules
(>50 μm)
−0.83 ⁎⁎ −0.83 ⁎⁎ −0.07 −0.82 ⁎⁎ −0.77 ⁎⁎ −0.79 ⁎⁎ −0.72 ⁎⁎
Length (%) Small granules
(<5 μm)
−0.10 −0.06 −0.25 −0.03 0.04 −0.18 −0.14
Medium granules
(5–50 μm)
0.13 0.08 0.25 0.06 −0.02 0.20 0.16
Large granules
(>50 μm)
−0.88 ⁎⁎ −0.89 ⁎⁎ −0.03 −0.88 ⁎⁎ −0.85 ⁎⁎ −0.78 ⁎⁎ −0.76 ⁎⁎
Volume (%) Small granules
(<5 μm)
0.21 0.14 0.29 0.12 0.01 0.40 0.33
Medium granules
(5–50 μm)
0.77 ⁎⁎ 0.79 ⁎⁎ −0.12 0.83 ⁎⁎ 0.83 ⁎⁎ 0.66 ⁎⁎ 0.70 ⁎⁎
Large granules
(>50 μm)
−0.89 ⁎⁎ −0.88 ⁎⁎ 0.01 −0.91 ⁎⁎ −0.86 ⁎⁎ −0.85 ⁎⁎ −0.87 ⁎⁎
Surface area (%) Small granules
(<5 μm)
0.11 0.06 0.28 0.02 −0.07 0.35 0.39
Medium granules
(5–50 μm)
0.71 ⁎⁎ 0.75 ⁎⁎ −0.12 0.76 ⁎⁎ 0.79 ⁎⁎ 0.57 ⁎⁎ 0.58 ⁎⁎
Large granules
(>50 μm)
−0.78 ⁎⁎ −0.80 ⁎⁎ 0.02 −0.80 ⁎⁎ −0.80 ⁎⁎ −0.72 ⁎⁎ −0.75 ⁎⁎
⁎⁎ Correlation significant at the 0.01 probability level (n = 24).
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Table 10 – Effect of chemical applications on endogenous concentrations of PAs, kernel weight, starch content, the two key enzymes involved in starch synthesis, and the
proportions of the volume and surface area of starch granules in inferior kernels of wheat cultivar NM13 in a field experiment.
Weight/starch accumulation/enzymes/
polyamines concentrations/proportions of starch granule
size distribution of inferior kernels in wheat cultivar NM13
Control 1 mmol L−1
Spd
1 mmol L−1
Spm
2 mmol L−1
Put
5 mmol L−1
MGBG
1 mmol L−1 Spd
+ 5 mmol L−1 MGBG
Mean free Spd concentration
(×102 nmol g−1 DW)
2.74 ± 0.07 b 3.13 ± 0.10 a 2.77 ± 0.09 b 2.76 ± 0.08 b 2.42 ± 0.09 c 2.72 ± 0.06 b
Mean free Spm concentration
(×102 nmol g−1 DW)
2.31 ± 0.03 c 2.45 ± 0.05 b 2.56 ± 0.03 a 2.29 ± 0.05 c 2.16 ± 0.03 d 2.33 ± 0.07 c
Mean free Put concentration
(×103 nmol g−1 DW)
1.05 ± 0.03 b 1.04 ± 0.04 b 1.04 ± 0.02 b 1.12 ± 0.03 a 1.14 ± 0.04 a 1.03 ± 0.06 b
Spd/Put 0.26 ± 0.02 b 0.30 ± 0.01 a 0.27 ± 0.00 b 0.25 ± 0.02 b 0.21 ± 0.01 c 0.26 ± 0.02 b
Spm/Put 0.22 ± 0.01 b 0.24 ± 0.03 a 0.25 ± 0.02 a 0.20 ± 0.01 c 0.19 ± 0.01 d 0.23 ± 0.01 b
Mean SSS activity
(nmol mg−1 protein min−1)
42.45 ± 2.24 b 53.16 ± 3.12 a 52.74 ± 2.84 a 41.88 ± 1.81 b 33.16 ± 2.01 c 42.00 ± 2.66 b
Mean GBSS activity
(nmol mg−1protein min−1)
22.86 ± 1.77 b 26.27 ± 1.60a 27.14 ± 1.42 a 21.85 ± 2.07 b 18.12 ± 1.10 c 22.37 ± 1.24 b
Kernel weight (mg grain−1) 35.76 ± 0.62 b 37.08 ± 0.58 a 36.98 ± 0.64 a 35.44 ± 0.49 b 33.02 ± 0.58 c 35.56 ± 0.57 b
Starch accumulation (mg grain−1) 20.94 ± 0.37 b 22.02 ± 0.34 a 21.96 ± 0.28 a 21.12 ± 0.32 b 19.10 ± 0.32 c 21.02 ± 0.44 b
Medium granules volume (%) 83.84 ± 0.20 b 84.95 ± 0.19 a 85.08 ± 0.18 a 83.90 ± 0.21 b 81.88 ± 0.17 c 83.72 ± 0.22 b
Large granules volume (%) 4.95 ± 0.12 b 3.85 ± 0.16 c 3.90 ± 0.15 c 4.97 ± 0.16 b 6.86 ± 0.10 a 5.02 ± 0.15 b
Medium granules surface area (%) 38.84 ± 0.24 b 39.43 ± 0.20 a 39.52 ± 0.21 a 38.73 ± 0.22 b 37.56 ± 0.21 c 38.65 ± 0.26 b
Large granules surface area (%) 2.44 ± 0.14 b 1.89 ± 0.10 c 1.86 ± 0.09 c 2.46 ± 0.12 b 3.76 ± 0.10 a 2.51 ± 0.13 b
Data are presented as mean ± standard error of the mean (n = 4). Different letters indicate significance at the 0.05 probability level within cultivar and year.
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